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a b s t r a c t 
A detailed computer simulation study of the isotachophoretic migration and separation of norpseu- 
doephedrine stereoisomers for cases with the neutral selector added to the leader, immobilized to the 
capillary wall or support, or partially present in the separation column is presented. The electrophoretic 
transport of the analytes from the sampling compartment into the separation medium with the selector, 
the formation of a transient mixed zone, the separation dynamics of the stereoisomers with a free or im- 
mobilized selector, the dependence of the leader pH, the ionic mobility of norpseudoephedrine, the com- 
plexation constant and selector immobilization on steady-state plateau zone properties, and zone changes 
occurring during the transition from the chiral environment into a selector free leader are thereby visual- 
ized in a hitherto unexplored way. For the case with the selector dissolved in the leading electrolyte, sim- 
ulation data are compared to those observed in experimental setups with coated fused-silica capillaries 
that feature minimized electroosmosis and zone detection with conductivity and absorbance detectors. 
© 2020 The Author(s). Published by Elsevier B.V. 









































Isotachophoresis (ITP) is performed in a discontinuous buffer
ystem with the sample introduced at the interface between the
wo electrolytes. Upon current flow, sample components with in-
ermediate effective mobilities compared to those of the elec-
rolyte components of like charge separate according to differ-
nces in effective mobilities by forming a pattern of consecutive
ones or peaks between the leading zone and the terminating zone
ith zone properties becoming adjusted according to the elec-
rophoretic regulating principle. The zone pattern attains a mi-
rating steady-state in which all zones have the same velocity
hence the prefix isotacho) and differ in conductivity. Ideally suf-
cient sample is applied such that zones of constant composi-
ion are produced whose length are proportional to the amount
f the analyte present. Analytes present in trace amounts become
oncentrated without forming a plateau-shaped zone and migrate
s a sharp peak within a steady-state boundary. ITP analyses can
e performed in narrow-bore plastic tubes, separation channels of∗ Corresponding author Prof. Dr. W. Thormann, Institute for Infectious Diseases, 
niversity of Bern, CH-3008 Bern, Switzerland 
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ions with minimized electroosmosis or in presence of electroos-
osis. The electrophoretic format can be cationic, anionic or bidi-
ectional [1-15] . In ITP, effective mobilities can be influenced via
nclusion of chemical equilibria, including protolysis (proper selec-
ion of pH and counter component) [1-15] , complex formation be-
ween a counter ion and the components to be separated [ 16 , 17 ],
omplexation of analytes with uncharged or charged additives in
he leader [18] or a charged ligand of like charge added to the ter-
inator [19] . 
Enantioselective separations in capillary electrophoresis are 
ased on the use of chemical equilibria and have been shown
o provide high-resolution at low cost for pharmaceutical, phar-
acological, agrochemical, environmental, biomedical and foren-
ic analyses [20-25] . Most of the reported techniques are based
n capillary zone electrophoresis (CZE) to which one or several
hiral selectors, mostly cyclodextrins (CDs), is/are added to the
ackground electrolyte (BGE). Isotachophoretic systems can also be
sed. However, only relatively few papers can be found in the lit-
rature [26-36] . Snopek et al. reported cationic capillary ITP of
he enantiomers of various drugs, including pseudoephedrine alka-
oids [26] and phenothiazines [27] in presence of neutral CDs. Sim-
larly, the separation of methadone enantiomers, including the iso-
ation of methadone enantiomers by recycling free fluid and con-under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 


























































































































q  tinuous flow ITP, was reported by our group [ 28 , 29 ]. Dimethin-
dene and pheniramine enantiomers in pharmaceuticals were an-
alyzed by cationic ITP in presence of negatively charged carboxy-
ethyl- β-CD [30] . Anionic capillary ITP was employed to separate
enantiomers of barbiturates [31] , norleucine [32] and tryptophan
[33] in presence of neutral CDs. Furthermore, cationic ITP coupled
to microcoil NMR detection led to the characterization of enan-
tiomeric separation and interaction between analytes and β-CD
[ 34 , 35 ] and inverse cationic chiral ITP configurations in presence of
sulfated β-CD provided systems in which either both enantiomers,
the enantiomer with weaker complexation or neither of the two
enantiomers of a weak base formed ITP zones [36] . In all these
cases, chiral separations occur due to the presence of the selec-
tor. The technique used is ITP but the separation mechanism is the
same as in electrokinetic chromatography [ 22 , 23 ]. 
Dynamic computer simulation of electrophoretic processes pro-
vides insight into particular experimental conditions, including
separation mechanisms of analytes. Many dynamic models of var-
ious degrees of complexity have been described in the litera-
ture [ 37 , 38 ]. The one-dimensional models GENTRANS [39] , SIMUL5
[40] and SPRESSO [41] are mostly used and differ in certain as-
pects but produce identical results when employed with equal
input data [42] . The same was recently shown to be true with
the electrophoretic transport interface in the COMSOL multiphysics
software platform [43] . These approaches do not include chemi-
cal equilibria with buffer additives, conversion equilibria of solutes,
or solute interactions with column walls or filling material, and
can thus not be employed for simulating the separation of enan-
tiomers. Dubrov ̌cáková et al. [44] presented a mathematical model
and numerical solution for the addition of a neutral complexa-
tion agent to moving boundary systems of strong electrolytes, in-
cluding the migration of an ITP zone. More recently, GENTRANS
[45] and SIMUL5 [ 46 , 47 ] were extended with algorithms that de-
scribe 1:1 chemical equilibria between solutes and a buffer addi-
tive. These models were found to properly describe the dynamics
of chiral separations via use of complexation constants and spe-
cific mobilities of formed analyte-selector complexes and were ap-
plied to cationic ITP of methadone enantiomers in presence of 2-
hydroxypropyl- β-CD [ 45 , 48 ] and sulfated β-CD [36] . 
ITP has the advantage of regulating the concentration of the
analyte in the mM range and thus lends itself to concentrate
a solute [1-15] . It can be employed for isolation and identifica-
tion of single enantiomers in absence of a pure chiral standard
and for the preparation of drug enantiomers from racemic mix-
tures on a micropreparative scale. These aspects are the focus of
ongoing research that commenced in our laboratory [ 28 , 29 , 36 ].
In the present work, two stereoisomers of norpseudoephedrine
(NPE), ( + )-(1S,2S)-2-amino-1-phenyl-1-propanol (( + )-NPE, also re-
ferred to D-NPE or cathine in the literature) and (-)-(1R,2R)-2-
amino-1-phenyl-1-propanol ((-)-NPE, also referred to L-NPE in the
literature) were used as model compounds. Cathine is found in
khat and both NPE stereoisomers are psychostimulant drugs of
the phenethylamine and amphetamine chemical classes. They are
weak bases. The dynamics of the cationic separation of the NPE
stereoisomers was studied in situations with a free or immobi-
lized neutral chiral selector. In analogy to the previous work with
methadone [ 45 , 48 ], ITP was performed with sodium and H30 + as
leading and terminating components, respectively, and acetic acid
as counter component. Heptakis(2,6-di-O-methyl)- β-cyclodextrin
(DIMEB) was added as neutral chiral selector. DIMEB was previ-
ously shown to resolve the two NPE stereoisomers by ITP [26] and
the necessary input constants for simulation were determined by
CZE in presence of various amounts of DIMEB [49] . 
Simulation is shown to provide detailed information about (i)
the electrophoretic transport of the analytes from the sampling
compartment into the separation medium with a neutral selectorogether with the formation of a transient mixed zone, (ii) the ITP
eparation dynamics of the stereoisomers with a free selector or
n immobilized selector, (iii) the dependence of the leader pH, NPE
onic mobility, complexation constant and selector immobilization
n steady-state plateau zone properties, and (iv) ITP zone changes
ccurring during the transition from the chiral environment into a
elector free leader solution. Simulation of stereoselective ITP with
n immobilized chiral selector and the behavior of ITP zones that
igrate from the selector containing region into the leader with-
ut chiral selector are presented here for the first time. For the
ase of ITP in free solution, i.e. ITP with the selector dissolved in
he leading electrolyte, simulation data are compared to those ob-
erved in experimental setups with coated capillaries that feature
inimized electroosmotic flow (EOF) and zone detection with con-
uctivity and absorbance detectors placed along the column. 
. Materials and Methods 
.1. Computer simulations 
Simulations were performed with GENTRANS which comprises
lgorithms to account for the interaction with an electrolyte ad-
itive [ 45 , 48 ]. It is assumed that these equilibria are instanta-
eous which means that the kinetics of complex formation do not
lay a considerable role during migration. In addition to the elec-
rophoretic mobility and the pK a values of each component in the
ystem, complexation constants and the mobilities of the analyte-
dditive complexes are used as input. The model does not take
nto account the dependence of mobilities, pK a values and com-
lexation constants on ionic strength, viscosity and temperature.
he program was executed on Windows XP or 32bit Windows 7
ased PC’s featuring Intel Core2 Duo 2.93 GHz and Intel Core i5
.8 GHz processors, respectively. If not stated otherwise, a 10 cm
olumn divided into 20 0 0 0 segments (5 μm mesh) with the sam-
le being placed between 5 and 6 % of column length (boundary
idth: 0.001 %) was assumed, a constant current density of 10 0 0
/m 2 was applied and EOF was omitted. Simulations for 2.5 min
lectrophoresis time lasted 16-20 h. The component’s input data
or simulation are summarized in Table 1 . Only NPE stereoisomers
ere assumed to interact with DIMEB. The complexation constants
nd mobilities for NPE stereoisomers listed in Table 1 are those
etermined previously by chiral CZE in a pH 4.10 acetic acid buffer
47 mM acetic acid adjusted with NaOH to pH 4.10) [49] . For mak-
ng plots, simulation data were imported into SigmaPlot Scien-
ific Graphing Software version 12.5 (Systat Software, San Jose, CA,
SA). 
.2. Chemicals and samples 
All chemicals used were of analytical or research grade. ( + )-
PE and (-)-NPE as hydrochloride salts were from Fluka (Buchs,
witzerland) whereas the free bases were purchased from Sigma
ldrich (Buchs, Switzerland). Acetic acid was supplied from Merck
Darmstadt, Germany). DIMEB was from Cyclolab (Budapest, Hun-
ary). The pH of the leading electrolyte (catholyte) was adjusted
ith 0.1 M acetic acid . Samples were prepared in water and did
ot contain a chiral selector. 
.3. Electrophoretic instrumentation for chiral ITP and running 
onditions 
The ITP separation process of NPE stereoisomers was monitored
ith a laboratory made system comprising a 50 μm I.D. linear
olyacrylamide (LPA) coated fused-silica capillary of 70 cm length
Polymicro Technologies, Phoenix, AZ, USA), a purpose built se-
uential injection analysis manifold for fluid handling and sample
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Table 1 
Physico-chemical input parameters used for simulation 
Compound pK a Mobility (10 
−8 m 2 /Vs) Complex constant (L/mol) Complex mobility (10 −8 m 2 /Vs Ref. 
Sodium - 5.19 - - c 
Acetic acid 4.76 4.24 - - c 
Chloride - 7.12 - - c 
(-)-NPE 8.9 2.65 44.7 0.442 [49] b 
( + )-NPE 8.9 2.65 66.5 0.554 [49] b 
DIMEB a 1.00 - - 
a With GENTRANS, DIMEB as neutral cyclodextrin is entered as a weak acid with a pK a of 14. 
b Complex constant and complex mobility values are those for complexation of the protonated bases with DIMEB in a 47 mM acetate buffer at pH 4.10 [49] 



















































Figure 1. Computer predicted separation of NPE stereoisomers utilizing a pH 4.60 
leading electrolyte (catholyte) composed of 10.0 mM NaOH, 24.6 mM acetic acid 
and 10 mM DIMEB. A mixture of 10.0 mM acetic acid and 10 mM DIMEB served 
as terminating electrolyte (anolyte). The sample comprised ( + )-NPE and (-)-NPE 
as bases (2.85 mM each) without any other compounds. The simulation was per- 
formed at a constant current density of 10 0 0 A/m 2 and without any EOF. (A) Com- 
puter predicted NPE (red line graphs), acetic acid, sodium and DIMEB concentration 
profiles after 1 min and initial distributions (insert). (B) pH and conductivity pro- 
files after 1 min and initial distributions (insert). -NPE and + NPE refer to (-)-NPE 









t  njection and an array of 8 contactless conductivity detectors as
s described in detail elsewhere [50] . The LPA coated capillary ex-
ibits a low EOF (mobility of 2.34 ×10 −9 m 2 /Vs) and the manifold
llows the placement of the first detector at about 2.7 cm from
he sample inlet. The centers of the 8 detectors were positioned
.7, 8.2, 13.2, 18.4, 23.5, 28.5, 33.5 and 38.5 cm away from the cap-
llary’s injection end (distance between detectors was about 5 cm).
ther ITP experiments were made with an autosampler PrinCE-C
60 2-Lift (Prince Technologies, Emmen, The Netherland) at ambi-
nt temperature (about 25 °C) using an LPA coated fused-silica cap-
llary of 50 μm I.D. and 83 cm total length (Polymicro Technolo-
ies) and two detectors, a UVIS 206 PHD detector (Linear Instru-
ents, Reno, NV, USA) operated at 200 nm and placed at 50.5 cm
60.8 % of column length) and a TraceDec contactless conductiv-
ty detector (Innovative Sensor Technologies, Strasshof, Austria) at
1.4 cm (74.0 % of column length) This setup was previously used
or chiral ITP [48] and CZE [49] . The PrinCE autosampler was also
sed with a permanently coated Guarant capillary (Alcor BioSep-
rations, Palo Alto, CA, USA; electroosmotic mobility of 1.23 ×10 −9 
 
2 /Vs) of 50 μm I.D. and 70 cm total length and two conductiv-
ty detectors, a laboratory made high voltage contactless conduc-
ivity detector (provided by Dr. Peter Hauser, University of Basel,
asel, Switzerland) at about 33.4 cm and a TraceDec (Innovative
ensor Technologies) detector at about 46.3 cm. This setup was
reviously used for chiral ITP of methadone [48] . Both types of the
oated capillaries used were conditioned using water and leading
lectrolyte. Between runs, the capillaries were rinsed with water,
0% 2-propanol and water. Before each run the capillary was rinsed
ith leading electrolyte, the sample was applied at the anodic end
ia application of pressure, and the anodic end of the capillary was
ipped into the anolyte. A constant current of 2.0 or 3.0 μA, or
onstant voltage of 20 kV (current < 6 μA), was applied. Detector
ata were collected and stored using a 16-channel (array detector
etup) or a 4-channel (dual detector setups) e-corder (eDAQ, Deni-
tone East, NSW, Australia). 
. Results and discussions 
.1. Isotachophoresis of NPE stereoisomers 
NPE is a weak base that migrates isotachophoretically with
odium as leading constituent, H 3 0 
+ or β-ala as terminating ion
nd acetic acid as counter component [ 26 , 50 , 51 ]. Enantiosepara-
ion is achieved in presence of DIMEB. Simulation data presented
n Fig. 1 were obtained with a leading electrolyte (catholyte) com-
osed of 10 mM NaOH, 24.6 mM acetic acid (pH 4.60) and 10 mM
IMEB. 10 mM acetic acid (pH 3.39) with 10 mM DIMEB served
s terminating electrolyte (anolyte). The sample was composed of
.85 mM of each NPE base and did not contain other components.
ith the interaction between NPE and DIMEB, simulation predicts
 separation of the NPE stereoisomers between sodium and the
ohlrausch adjusted acetic acid solution ( Fig. 1 A). (-)-NPE with the
ower complexation constant is forming an isotachophoretic zoneetween sodium, the leading ion, and ( + )-NPE because its net mo-
ility is larger compared to that of ( + )-NPE and smaller than that
f sodium. ( + )-NPE produces an isotachophoretic zone which mi-
rates between that of (-)-NPE and the adjusted acetic acid zone
ith H 3 0 
+ as terminating ion. This is comparable to the behavior
f the methadone enantiomers in presence of hydroxypropyl- β-CD
s reported previously [ 45 , 48 ]. The concentration of acetic acid in
he adjusted terminating zone (30.87 mM) is higher compared to
hat in the leader (24.6 mM) and the 10 mM applied as anolyte
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Figure 2. Computer predicted (A) analyte profiles (lower graphs), DIMEB distributions (red line graphs) and conductivity profiles (upper graphs) at 0, 0.05, 0.10, 0.15, 0.20, 
0.25, 0.30, 0.35, 0.40, 0.45 and 0.50 min of power application, and (B) detector profiles for absorbance (lower graphs) and conductivity (upper graphs) for detectors placed at 





















































a  ( Fig. 1 A). Furthermore, zone conductivities and pH values of the
NPE zones are predicted to be between those of the adjusted ter-
minating zone (28.3 mS/m; 3.14) and the leader (92.0 mS/m, 4.60)
( Fig. 1 B). The NPE zones are characterized with sharp front and
rear boundaries and the rear boundary features a conductivity dip
which is comparable to previously described cationic ITP configu-
rations with H 3 0 
+ as terminating ion [ 45 , 48 ]. 
The formed (-)-NPE and ( + )-NPE sample zones not only dif-
fer in the plateau concentration (5.64 vs. 5.33 mM, respectively),
pH (4.33 vs. 4.31), conductivity (36.0 vs. 33.4 mS/m), acetic acid
concentration (20.9 vs. 20.7 mM) and ionic strength (5.69 vs. 5.38
mM), but also in the concentration of DIMEB (10.35 vs.10.57 mM).
DIMEB is neutral and does not migrate under the influence of the
electric field. The DIMEB increase inside the ITP zones compared to
its value in the leading and terminating electrolytes is due to the
migration of the charged complexes and was previously reported
for the interaction of a neutral cyclodextrin with strong electrolytes
[44] and the weak base methadone [48] . The increase of a neu-
tral CD within the ITP zones of various pharmaceutical compounds
could be experimentally visualized with on-line microcoil NMR de-
tection [52] . For migrating analytes in CZE that interact with the
selector, CD concentration deviations from its value in the buffer
were also predicted with dynamic simulation [45] and a gener-
alized model of the linear theory of electromigration [ 49 , 53 ]. An
increase of CD inside the migrating analyte zone could be experi-
mentally validated using a neutral CD with absorbance at 245 nm
together with a non-absorbing analyte [53] . In absence of com-
plexation, there is no DIMEB change and no separation, and thedjusted total NPE concentration in the investigated ITP system is
.84 mM. For the data of Fig. 1 obtained with a 10 cm column
nd a constant 10 0 0 A/m 2 , the predicted voltage increased from
he initial 1544 V to 1806, 2218 and 3456 V within 0.5, 1.0 and 2.5
in of current flow, respectively. 
.2. Separation process 
Separation in ITP proceeds via migrating transient mixed zones
hich are formed according to the regulating principle [9-15] . For
he example of Fig. 1 , this is illustrated with the simulation data
resented in Fig. 2 . The properties of the mixed zone, including its
onductivity, are distinctly different to the properties of the pure
ones of (-)-NPE and ( + )-NPE which are gradually formed in front
f and behind the mixed zone, respectively ( Fig. 2 A). The mixed
one becomes smaller with time and vanishes when the separation
f the two stereoisomers is completed (lower graphs in Fig. 2 A).
or the presented case, separation is predicted to become complete
hortly after 0.4 min of current application ( Fig. 2 A). At 0.4 min the
oundary between the stereoisomers has not yet reached a steady-
tate shape. It is distinctly broader compared to the boundary pre-
icted after 0.45 min and 0.50 min. Once steady-state is reached,
he separated stereoisomers continue to migrate as a steady-state
igrating zone pattern. 
The conductivity (34.6 mS/m) and the DIMEB concentration
10.47 mM) of the mixed zone are predicted to be between the
onductivities and DIMEB concentrations of the pure zones (red
nd upper graphs in Fig. 2 A). The separation can be followed with



































































Figure 3. (A,C) Simulated and (B) experimental conductivity electropherograms of 
detectors D1 to D8 for detection of the NPE stereoisomer separation under constant 
current conditions in an LPA coated fused-silica capillary. The leading electrolyte (L, 
catholyte) was composed of 10 mM NaOH, 24.6 mM acetic acid and 10 mM DIMEB. 
The terminating electrolyte (T, anolyte) was 10 mM acetic acid. Simulations were 
performed with an ionic strength dependent EOF model using (A) sample bound- 
aries with a width of 0.02 % and (C) dispersed initial sample boundaries. For details 
refer to text. The inserts in panels A and C comprise the initial distributions (lower 
graphs, with D for DIMEB) and the computer predicted temporal behavior of volt- 
age V (V, left y-axis scale), current density I (A/m 2 , left y-axis) and EOF ( μm/s, right 
y-axis scale) depicted as upper graphs. The insert in panel B represents recorded 
current ( μA) and voltage (kV). The asterisk marks the transition between adjusted 









p  ultiple detectors placed along the separation column. The simu-
ation data presented in Fig. 2 B were generated for UV absorbance
lower graphs representing the sum of the NPE concentrations) and
onductivity (upper graphs) with detectors placed at 0.75, 1.00,
.25, 1.75, 2.00, 2.25 and 2.50 cm of column length (from left to
ight, respectively). Data storage occurred at 20 Hz. It is important
o note that this frequency was too low to monitor the sharp con-
uctivity dip at the interface between ( + )-NPE and the adjusted
erminator zone (see conductivity profiles in Fig. 1 B and 2 A). It en-
bled, however, the prediction of the transient mixed zone and the
ormation of the two NPE ITP zones as would be observed by ab-
orbance and conductivity detection along the column. 
For validation, the separation of (-)-NPE and ( + )-NPE was moni-
ored with a purpose made instrument featuring 8 contactless con-
uctivity detectors along a 70 cm LPA coated capillary which ex-
ibits a low EOF towards the cathode. This approach was previ-
usly employed to study the formation of the leader/terminator
oundary in absence of the sample as well as the formation of
n ITP zone of NPE in absence of the chiral selector [50] . In anal-
gy to these effort s, the separation of the two stereosisomers was
imulated with a 17.5 cm separation space divided into 350 0 0 seg-
ents of equal length ( x = 5.0 μm) and a constant current den-
ity of 370 A/m 2 . Sample was applied at the anodic capillary end
s a plug with a length of 2.5 % of column length (initially placed
etween 5.0 and 7.5 % of column length) and a boundary width
f 0.02 % (for distribution, see lower insert in Fig. 3 A). For 10 min
f electrophoresis, this required a simulation time of about 30 h.
he compositions of the leading and terminating electrolytes as
ell as that of the sample were the same as for the simulation
xample presented in Fig. 1 and the input data used were those
f Table 1 . Furthermore, in order to mimic the temporal behavior
f the EOF present in the experiment, the ionic strength depen-
ent EOF model employed previously for this ITP system without
hiral selector (for details refer to [50] ) was applied. The predicted
etector profiles for the 8 detectors (4 Hz data that do not show
he conductivity dip) are depicted in Fig. 3 A. They illustrate the
xpected separation process as discussed with the data of Fig. 2 A
nd 2 B. The voltage is predicted to increase from 1056 to 2543 V
ithin the 10 min time interval (solid line graph in upper insert
f Fig. 3 A). The EOF increases from 25.5 to 64.7 μm/s (dashed line
raph in upper insert of Fig. 3 A) and is significantly smaller com-
ared to the electrophoretic transport rate of 211.0 μm/s reported
n Ref. [50] . The predicted net transport thus increases from 236.5
o 275.7 μm/s. 
Experimental data obtained under a constant current of 3 μA
re presented in Fig. 3 B. The existence of the mixed zone and the
radual decrease of its length could thereby be experimentally ver-
fied. Experimentally monitored detector profiles of detectors 2 to
 correspond qualitatively well with those predicted by simulation.
or the chosen conditions under constant current density, the volt-
ge is predicted to increase in a similar fashion as was predicted
y simulation (compare voltage graphs in upper insert of Fig. 3 A
ith insert of Fig. 3 B). 
For the first detector (D1 of Fig. 3 ) and the transition marked
ith asterisk detected with the second detector (D2), the predicted
etector profiles are somewhat different compared to those moni-
ored experimentally. It was previously noted that sample injection
n the employed SIA setup did not provide sharp initial boundaries
50] . Broader initial boundaries between sample and its surround-
ng electrolytes (L and T on cathodic and anodic side, respectively)
ere found to have an impact on the predicted detector signal of
he first detector and the buffer transition of the second detec-
or marked with an asterisk in Fig. 3 . This is illustrated with the
ata of Fig. 3 C which were obtained with dispersed initial sample
oundaries (lower inset in Fig. 3 C) which were produced from the
nitial distribution of Fig. 3 A via application of Taylor-Aris disper-ion in a 50 μm ID capillary at a flow rate of 1.5 mm/s for 0.5 min
for impact of flow on dispersion refer to [54] ). Better agreement
etween experimental and simulation data for detector D1 and for
he buffer transition of detector D2 was thereby predicted. 
.3. Formation and composition of the mixed zone 
For the example presented in Fig. 2 , the mixed zone is char-
cterized with a higher concentration of ( + )-NPE (2.83 mM), the
tereoisomer which has a stronger interaction with DIMEB, com-
ared to (-)-NPE (2.64 mM). This is comparable to the separation
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Figure 4. Computer predicted concentrations of ( + )-NPE (bottom panels), (-)-NPE (second panels from bottom), DIMEB and chloride (second panels from top) and conductiv- 
ity distributions (top panels) for NPE analytes sampled (A) as free bases and (B) as hydrochlorides. Profiles shown are for 0 min (dark red graphs), 0.015 min (orange graphs), 

























i  of methadone enantiomers described previously [48] and appears
to be typical for separations in which complexation with a neutral
CD is involved. It is important to note that with an equimolar mix-
ture of two weak bases and separation of these bases in absence
of complexation, an equimolar mixed zone would be formed. 
Simulation also revealed that the composition of the formed
mixed zone is independent of the sample composition. This is il-
lustrated with the concentration and conductivity data presented
in Fig. 4 . Profiles of the initial distributions and those after 0.015,
0.030 and 0.045 min (0.9, 1.8 and 2.7 s, respectively) of current
flow at a current density of 10 0 0 A/m 2 are depicted. These data
illustrate the transients occurring after application of power and
the formation of the mixed zone (property levels marked withsterisks in Fig. 4 ) outside the sampling section. Data presented
re those for the two NPE stereoisomers sampled as weak bases
 Fig. 4 A, case of Fig. 1 and 2 with 2.85 mM of each) and as hy-
rochlorides ( Fig. 4 B, 2.85 mM of each stereoisomer together with
.7 mM chloride). Note that the samples did not contain buffer
omponents and DIMEB, and were applied between 0.5 and 0.6 cm.
Upon current flow, the transition from the sampling to the sep-
ration column (at 0.6 cm) is characterized with transient NPE
eaks that occur at the cathodic interface with the leader where
PE becomes complexed with DIMEB and where NPE reaches a
egion of higher conductivity (lower electric field strength). It is
lso the location where the migrating steady-state front boundary
s formed due to the cathodic migration of the leading ion (Na + ).
J. Caslavska, R.A. Mosher and W. Thormann / Journal of Chromatography A 1623 (2020) 461176 7 
Figure 5. (A,C) Computer predicted detector profiles for a detector placed at 5 cm of column length measuring absorbance (sum of NPE concentrations) and conductivity 
(shifted by 0.08 min for presentation purposes) and (B,D) experimental data obtained with the setup featuring an LPA capillary with absorbance (200 nm) and conductivity 
detection for ITP systems with leading electrolyte pH values of (A,B) 4.60 and (C,D) 4.30. Simulation and experimental data were obtained with NPE stereoisomers (2.85 mM 
each) sampled as hydrochlorides. Other simulation conditions as described in the text. In the experiments, sample application occurred at 80 mbar for 0.3 min and the run 

















































t  n absence of chloride in the sample, NPE is predicted to com-
letely migrate from the sampling compartment into the separa-
ion column within 0.030 min ( Fig. 4 A). Due to chloride, which mi-
rates in the opposite direction and strongly influences local con-
uctivity, NPE requires more than 0.045 min to become completely
ransported into the separation column ( Fig. 4 B). After about 0.15
in of current flow, profiles of ( + )-NPE, (-)-NPE and the mixed
one of the two investigated cases become indistinguishable (data
ot shown). These data illustrate how simulation can be used to
rovide insight into the processes occurring due to electrophoretic
ransport of a given electrolyte distribution. 
.4. Impact of input data and comparison to experimental results 
Simulated detector profiles of the isotachophoretic zones of (-
-NPE and ( + )-NPE predicted for detection with a UV absorbance
etector and a conductivity detector are presented in Fig. 5 A.
he data correspond to a detector location at 5 cm of column
ength (center of the column; 20 Hz signal) and the conditions
f Fig. 1 with a leader pH of 4.6. The absorbance data represent
he sum of the NPE concentrations. For presentation purposes, the
onductivity data are depicted with a time shift of 0.08 min. Black
ine graphs are obtained with the input data of Table 1 . These data
re in qualitative agreement with those monitored experimentally
sing the setup with an LPA coated fused-silica capillary interfacedith a UV absorbance and a conductivity detector that were placed
bout 11 cm apart ( Fig. 5 B, cf. Section 2.3 ). In an effort to find opti-
ized input data for ITP, the mobility of the free NPE molecule was
aried. An increase in the free mobility value resulted in increased
PE concentrations in the formed ITP zones and thus somewhat
horter zones. This is illustrated with the simulated absorbance
ata for mobilities of 2.65 ×10 −8 m 2 /Vs (black graph), 2.85 ×10 −8 
 
2 /Vs (blue graph) and 3.05 ×10 −8 m 2 /Vs (red graph) presented in
ig. 5 A. 
Best agreement between computer predicted and measured
onductivity distributions was obtained using an NPE free mo-
ility of 2.85 ×10 −8 m 2 /Vs (blue graph in Fig. 5 A) instead of the
.65 ×10 −8 m 2 /Vs (black graph in Fig. 5 A). A free mobility of
.05 ×10 −8 m 2 /Vs resulted in data with a too high conductivity
ithin the NPE zones (red graph in Fig. 5 A). Variation of the input
ata for complexation of NPE with DIMEB has only a minor impact
n the distributions of conductivity and other properties and is in
nalogy to the case of methadone discussed previously [48] . For
PE, this is illustrated with the gray line graph of Fig. 5 A which
as obtained with a different set of input data. The complexation
onstants for (-)-NPE and ( + )-NPE were 54.4 L/mol and 76.3 L/mol,
espectively, and the complex mobilities 0.853 ×10 −8 m 2 /Vs and
.887 ×10 −8 m 2 /Vs, respectively. The free mobility of NPE used for
his simulation was that listed in Table 1 . These data illustrate that
he mobility value determined by CZE at a pH 4.10 and an ionic
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Figure 6. Experimental data of separated NPE stereoisomers having leading electrolyte pH values of (A) 4.60 and (B) 4.30 obtained in the setup with a Guarant capillary and 
two conductivity detectors (y-axis scales of first and second detector are on the left and on the right, respectively). Sample application occurred at 80 mbar for 0.3 min and 























































































s  strength of 8.58 mM [49] are close but somewhat too low for the
conditions encountered in ITP. Temperature or ionic strength dif-
ferences might contribute to this fact. 
In order to gain further insight into the validity of a higher free
mobility for NPE, the ITP system was changed by lowering the pH
of the leader to 4.30. Simulation data obtained with a leader com-
posed of 10 mM NaOH, 40 mM acetic acid and 10 mM DIMEB are
presented in Fig. 5 C and corresponding experimental data are de-
picted in Fig. 5 D. As is the case with a leader pH of 4.60 ( Fig. 5 A
and 5 B), a mobility of 2.85 ×10 −8 m 2 /Vs (blue graph in Fig. 5 C)
provides a good match with the experimental conductivity data.
With a mobility of 2.65 ×10 −8 m 2 /Vs (black graph in Fig. 5 C), the
predicted conductivities of the two NPE zones are lower compared
to those monitored experimentally. The calculated conductivity of
the ( + )-NPE zone is even lower compared to that of the adjusted
terminating zone (zone T ∗). With a mobility of 3.05 ×10 −8 m 2 /Vs
(red graph in Fig. 5 C), the predicted conductivities of the two
NPE zones are higher compared to those measured experimen-
tally. These data illustrate that a free NPE mobility of 2.85 ×10 −8 
m 2 /Vs provides simulation data that compare well with experi-
mental isotachopherograms obtained at different pH values of the
leader. 
In addition to the experimental setup with an LPA coated cap-
illary together with absorbance and conductivity zone detection
( Fig. 5 B and 5 D), a setup with a permanently coated Guarant cap-
illary and two conductivity detectors placed about 13 cm apart (cf.
Section 2.3 ) was used to follow and characterize the NPE ITP zones
in presence of 10 mM DIMEB and application of constant volt-
age instead of constant current. The second conductivity detector
is the same as that employed together with absorbance detection.
Data obtained with leader pH values of 4.6 and 4.3 are presented
in Fig. 6 A and 6 B, respectively. In both cases, the conductivities of
the NPE zones detected with the second detector were lower com-
pared to those monitored with the first detector. The same was
found to be true for the case of methadone enantiomer detection
reported previously [48] . The reason for this change is unknown
and was not further investigated. It is interesting to mention that
such a change was not observed with the conductivity array de-
tector under both constant current ( Fig. 3 B) and constant voltage
(data not shown) conditions. 
3.5. Immobilization of the chiral selector 
Neutral CDs can also be immobilized, i.e. bound to the inner
wall of a capillary, to particles used as capillary packing mate-
rial, to a monolith present in the capillary, or to nanoparticles
which are dispersed in the running buffer. These approaches areeferred to as open-tubular, packed, monolithic and pseudosta-
ionary phase capillary electrochromatography (CEC), respectively,
nd have been applied to separations in uniform background elec-
rolytes [ 56 , 57 ]. In analogy to the CEC simulations in a uniform
uffer presented previously for the separation of enantiomers of
 weak base [55] , computer simulation was employed to study the
sotachophoretic migration of ( + )-NPE and (-)-NPE in presence of
mmobilized DIMEB. The impact of the 1:1 interaction between
PE and DIMEB was simulated by setting the complex mobilities
nd the mobility of DIMEB (which is used for the calculation of
he diffusion coefficient) to zero. All other input parameters listed
n Table 1 , including the complexation constants, were assumed to
e identical to those in free solution. This provides data that mimic
igration and separation with the chiral selector being immobi-
ized to the capillary wall or support material and without unspe-
ific interactions between analytes and the chiral stationary phase.
ata predicted for the system of Fig. 1 with immobilized DIMEB
re presented in Fig. 7 . 
The simulation data given in Fig. 7 reveal that the formation
f ITP zones of the NPE stereoisomers are predicted also for the
ase of DIMEB immobilization. This is the first account for ITP
f stereoisomers in presence of an immobilized selector. The data
resented in Fig. 7 A indicate that the separation of ( + )-NPE and
-)-NPE proceeds in the same manner as is the case for free solu-
ion (compare with Fig. 2 A). Separation, however, is predicted to
e faster when DIMEB is immobilized (about 0.30 min with im-
obilized DIMEB vs. about 0.45 min in the case of Fig. 2 A). The
lectrophoretic displacement rates are identical as this transport
ate is determined by the components of the leading electrolyte,
.e. compounds that were assumed not to interact with DIMEB, and
he current density [50] . Acetic acid was reported to exhibit a very
eak interaction with DIMEB [58] which does not have an appre-
iable impact on the displacement rate and the formation of the
igrating NPE zone (simulation data not shown). 
All properties of the formed ITP zones are somewhat lower
ompared to those predicted for the case of free solution. The
lateau concentrations of (-)-NPE and ( + )-NPE are 5.40 and 4.91
M, respectively (5.64 and 5.33 mM for free solution), the pH val-
es are 4.31 and 4.26, respectively (4.33 and 4.31), the conductivi-
ies are 34.02 and 30.32 mS/m, respectively (36.0 and 33.4 mS/m)
nd the acetic acid concentrations are 20.75 and 20.49 mM, re-
pectively (20.9 and 20.7 mM). The concentration of DIMEB re-
ains 10 mM (no change because DIMEB is immobilized, Fig. 7 A
nd 7 B) which is in contrast to the case of free solution (10.35 and
0.57 mM). Furthermore, analyte transition between sample com-
artment and separation column is essentially identical to that de-
cribed in Fig. 4 A (data not shown). Experimental validation of the
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Figure 7. Computer predicted NPE stereoisomer separation in presence of 10 mM immobilized DIMEB along the separation column and otherwise identical conditions as for 
Fig. 1 . For details refer to text. (A) Analyte profiles (lower graphs), DIMEB distribution (red line graph) and conductivity profiles (upper graphs) at 0, 0.05, 0.10, 0.15, 0.20, 
0.25, 0.30, 0.35, 0.40, 0.45 and 0.50 min of application of a constant 10 0 0 A/m 2 . (B) Concentration distributions of all components (NPE stereoisomers as red line graphs) 
























































s  redicted zone structure, e.g. via open-tubular CEC, remains to be
ndertaken. 
.6. Partial filling of column with chiral selector 
Simulation was also used to study the analyte behavior at the
ear end of a DIMEB zone, i.e. a situation with partial filling of the
olumn with DIMEB. This includes a region where ITP zones leave
he environment with complexation, is relevant for off-column
nalyte detection, e.g. with mass spectrometry (MS), and is de-
cribed here for the first time via the dynamics of migrating an-
lyte zones. Simulation data for a column with DIMEB up to 5 cm
f column length, a sample composed of NPE stereoisomers ap-
lied as hydrochlorides, and otherwise identical column conditions
s for Fig. 1 are presented in Fig. 8 . Within the DIMEB segment,
-)-NPE and ( + )-NPE were predicted to become separated within
bout 0.45 min and to migrate isotachophoretically as consecutive
ones up to the end of the segment with DIMEB ( Fig. 8 ). The front
oundary of the (-)-NPE ITP zone reached the vanishing DIMEB
radient shortly after 1.25 min. Upon leaving complexation, both
tereoisomers become concentrated to 6.84 mM and jointly form a
igrating ITP zone of uniform conductivity (46.97 mS/m, see 1.50
in time point of Fig. 8 ). Acetate concentration and pH within this
one are also uniform (21.78 mM and 4.42, respectively; profiles
ot shown). This ITP zone exhibits a non-uniform distribution of
he two analytes. (-)-NPE is still migrating ahead of ( + )-NPE and
he two stereoisomers will become mixed with time ( Fig. 9 A). It is
mportant to realize that the migration rate of the newly formed
TP zone remains equal to that of the pattern within the DIMEBone. It is noteworthy to mention that DIMEB is present in solu-
ion. It has a higher value than 10 mM in the ITP zones (see 0.25
o 1.25 min profiles depicted as red line graphs of Fig. 8 ) and the
ixed zone (see 0.25 min profile of Fig. 8 ). As a result of diffusion
he DIMEB gradients at 5 cm of column length and at the edges of
he sample compartment (0.5 and 0.6 % of column length) broaden
ith time. 
The processes occurring during the migration of the ITP zones
cross the DIMEB boundary at 5 cm of column length and there-
fter is depicted in Fig. 9 . It represents a situation in which DIMEB
s immobilized with a boundary width of 0.01 %. DIMEB is there-
ore invariant and present as non-diffusing gradient at its zone
dge. Within the immobilized DIMEB segment, the NPE stereoiso-
ers were predicted to become separated within about 0.30 min
 Fig. 7 A) and to migrate isotachophoretically as consecutive zones
p to the end of the segment with immobilized DIMEB ( Fig. 9 A).
he front boundary of the (-)-NPE ITP zone reached the inter-
ace shortly before 1.30 min ( Fig. 9 A and 9 B). The stereoisomers
eave the section containing the chiral selector within a short time
about 0.05 min, see broken line graphs in Fig. 9 A and data of
ig. 9 B and 9 C). Both become concentrated to 6.84 mM and jointly
orm a migrating ITP zone of uniform conductivity ( Fig. 9 A). Ini-
ially, this ITP zone exhibits a non-uniform distribution of the
tereoisomers. (-)-NPE is still migrating ahead of ( + )-NPE (see 1.35
in distribution in Fig. 9 A). With time and upon continued appli-
ation of power, the interface between the two becomes broader
ue to diffusion (see 1.50 to 2.50 min time points of Fig. 9 A).
 uniform ITP zone with a concentration of 3.42 mM of each
tereoisomer is eventually formed (data not shown). For both NPE
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Figure 8. Computer predicted distributions of the NPE stereoisomers, DIMEB (red line graphs) and conductivity while the NPE ITP zones migrate within the leader zone 
containing DIMEB (up to 5 cm of column length, 0 to 1.25 min at 0.25 min interval) and thereafter (1.50 min). The two NPE stereoisomers were applied as hydrochlorides. 
Other conditions and key are identical as those of Figs. 1 and 2 . 
Figure 9. Computer predicted stereoisomer and conductivity distributions while and after the NPE ITP zones migrate across the end of immobilized DIMEB at 5 cm of 
column length. (A) NPE concentration profiles (lower graphs), DIMEB distribution (red line graph) and conductivity profiles (upper graphs) between 1.0 and 2.5 min (0.25 
min interval) of power application. (B) (-)-NPE and (C) ( + )-NPE concentration profiles in the transition region with vanishing DIMEB predicted for 1.280 to 1.350 min at an 










selector. analytes, the transition between the column segment with immo-
bilized DIMEB to that without DIMEB is characterized with first
a decrease in concentration followed by an increase to 6.84 mM
( Fig. 9 B and 9 C, NPE profiles between 1.280 and 1.350 min at
an interval of 0.005 min). The former effect is more pronouncedor ( + )-NPE, the stereoisomer with stronger complexation. Com-
arable data were obtained for the case of free solution ( Fig. 8 ,
etailed profiles not shown). All these data suggest that analyte
etection should occur shortly after the segment with the chiral










































































































[  . Conclusions 
For two NPE stereoisomers as model compounds, simulated
one patterns for the case of cationic ITP in free solution with
IMEB as selector were found to compare qualitatively well with
hose monitored experimentally with conductivity and absorbance
etectors placed along coated capillaries. Stereoisomer separation
as followed with an array of 8 conductivity detectors and oc-
urs due to the presence of the selector. The technique used is
TP but the separation mechanism involved is the same as in elec-
rokinetic chromatography. The separation of the NPE stereoiso-
ers could also be simulated in presence of immobilized DIMEB,
n approach that is reported here for the first time and remains to
e experimentally validated. Compared to ITP in free solution, im-
obilization resulted in zone properties, including NPE concentra-
ions, conductivity and pH, that were somewhat lower. The lower
lateau concentrations of the analytes suggest that it is preferable
o use a free rather than an immobilized neutral selector for ITP.
olumn preparation and the possibility for a rapid change of the
eparating medium are other advantages associated with a free se-
ector. Finally, simulation provided insight into the migration be-
avior of ITP zones that migrate across a vanishing selector edge
end of selector zone) into the leader without chiral selector. In
his process, NPE zones become concentrated and form a migrating
TP zone of uniform conductivity in which the two stereoisomers
rst migrate one after the other and then slowly become mixed
ue to diffusion. This is the first time that this process was eluci-
ated and visualized. The simulation data reveal that highest sensi-
ivity for analyte detection is obtained when the detector is placed
mmediately after the end of the selector zone. This is important
or analyte detection with MS when the selector should not enter
he detection system. Partial filling of the column with the selector
s otherwise not an appealing approach for ITP. Simulation repre-
ents an elegant and efficient way to provide insight into the for-
ation of transient analyte profiles, boundaries and zones in ITP
ith complexation, decomplexation and diffusional remixing out-
ide the selector zone. 
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